The responses of invasive and native species of crayfish to conspecific and heterospecific alarm odors were recorded in the laboratory. Individuals of the North American invasive Procambarus clarkii responded just as strongly to odors from crushed Austropotomobius pallipes as they did to crushed conspecifics. The North American invasive Orconectes limosus also responded as strongly to P. clarkii odor as to conspecific odor. The native Italian species A. pallipes responded more strongly to conspecific alarm than to heterospecific alarm from P. clarkii. The pattern of invasive species of crayfish using a broader range of danger signals than displaced native species appears to be robust.
Introduction
It is generally assumed that species that more readily extend their ranges tend to be more flexible in many aspects of their biology than native species, which are often displaced by invasives (Schweitzer and Larson 1999) . This flexibility allows the species to cope with new environmental features including new types of predators. Recognition of elevated predation risk has been shown to reduce the risk of predation in several systems (Downes 2002; Mathis and Smith 1993) . In a recent paper, Hazlett (2000) suggested that one aspect of flexibility in animals could be in the breadth of information about predators that individuals of a species use. We predict that successful invasive species, those expanding their ranges with human`help', will use a broader range of information about increased predation risk than native species that are not extending their range. In particular, invasive species will react similarly to heterospecific and conspecific alarm cues while native species will react more strongly to conspecific cues. Hazlett (2000) presented data on one pair of crayfish species and their responses of conspecific and heterospecific alarm odors. Orconectes rusticus has spread throughout much of the Midwest following human introduction (Garvey et al. 1994; Hill and Lodge 1999) while Orconectes propinquus is not known to have expanded its range in recent times. Individuals of O. rusticus responded just as strongly to heterospecific alarm odor as to conspecific alarm odor. Individuals of the native species, O. propinquus, responded less strongly to heterospecific alarm than to conspecific alarm odor (Hazlett 2000) . This difference in information use also appeared to hold for a pair of Australian species. Cherax albidus, which has spread in western Australia responded similarly to heterospecific and conspecific alarm cues whereas there was a reduced effect of heterospecific alarm odors in individuals of the native western-Australian species, C. tenuimanus . In this study we test the generality of the invasive-native dichotomy in information use by comparing the behavioral responses of three crayfish species in Italy to conspecific and heterospecific alarm odors. We tested two species which have been introduced to Europe from North America, Procambarus clarkii and O. limosus and the native species Austropotomobius pallipes.
Methods
The methods employed in this study are very similar to those used in Hazlett (2000) . All species were tested following the same protocol. Individuals collected in the field were placed in holding containers in the laboratory and fed pieces of cod to make sure the animals treated cod odor as a food cue (Hazlett 1994) . Adult animals were placed in individual, visually isolated 5 l aquaria. The aquaria contained 1.5 l of well water, were continually aerated, and contained a portion of a clay pot as a shelter. After 24 h acclimation to the observation containers, the animals were observed for 3 min following the introduction of 5 ml of different solutions. Animals were tested with one of six solutions once a day for five days. The order of test solutions was randomized among individuals each day. On day one, each animal was observed following introduction of a control of well water prior to the introduction of a test solution.
The test solutions introduced were (a) food odor, (b) conspecific alarm odor, (c) heterospecific alarm odor, (d) conspecific alarm odor plus food odor, and (e) heterospecific alarm odor plus food odor. The food odor was prepared by macerating 20 g of cod in 150 ml of well water and filtering with coarse filter paper. Alarm odors were prepared by macerating a medium-size crayfish in 150 ml of water and filtering. Crushing whole crayfish simulates the effects of predation by known predators such as snapping turtles (Hobbs 1993 ).
An observer with the aid of an event program and a pc recorded the behavior patterns. The data were later summarized as the total number of seconds spent executing a particular behavior or in a particular posture or condition. The behaviors recorded were cleaning movements, feeding movements of the walking legs or chelipeds, and locomotion. The postures were either raised (body elevated by extension of the walking legs, chelae raised at least to parallel to substrate, and abdomen extended) or lowered (chephalothorax in contact with substrate, chelae tips touching substrate and drawn into the body, and abdomen curled). Only the time spent in the lowered posture was analyzed since the postures are not fully independent behaviors. Animals could execute the other behaviors in combination or alone. For all except one species (O. limosus, n 8), 20 individuals were tested.
The species tested were the invasive species P. clarkii (which is native to North America), the invasive O. limosus (which is also native to North America), and native Italian species A. pallipes. Individuals of P. clarkii were tested with heterospecific alarm odor from A. pallipes. Individuals of O. limosus and A. pallipes were tested with heterospecific alarm odor from P. clarkii. All the crayfish were collected in regions near Florence, Italy, except O. limosus which was collected near Parma, Italy, and all tests were conducted in the laboratory in Florence, Italy, in May 2000 and 2001.
To compare the effects of conspecific and heterospecific alarm odors, two measures of the strength of effects were calculated. For each behavior, the number of seconds spent in the control period was subtracted from the number of seconds spent following introduction of conspecific alarm and of heterospecific alarm. These differences were compared with paired t-tests because the same individuals were tested with all odors. A second measure of the strength of effects of alarm odors was generated by subtracting the number of seconds spent in behaviors following the introduction of food odor alone from the number of seconds spent following the introduction of the combination of either conspecific alarm plus food odor or heterospecific alarm plus food. These differences were also compared by paired t-tests. For all behaviors for all three species, there were no significant differences in the responses to the two sources of alarm odors when combined with food, thus those results are not reported or examined further.
Results
Procambarus clarkii. Comparison of the effects of conspecific and heterospecific alarm introduction compared to the time spent in behaviors during the control period showed that individuals of this invasive species responded just as strongly to heterospecific alarm (from A. pallipes) as to conspecific alarm except in the case of feeding behaviors ( Figure 1, Table 1 ). For time spent cleaning, in the lowered posture, or locomotion the effects of the two types of alarm odors were not different. The time spent in cleaning decreased relative to controls and the time spent in the lowered posture increased (Figure 1 ) but to the same degree for the two sources of alarm odor.
Orconectes limosus. Comparison of the effects of conspecific and heterospecific alarm introduction in this invasive species showed no difference in responses to conspecific and heterospecific (from P. clarkii) alarm odors ( Figure 2 , Table 1 ). This was true for all four behaviors tested.
Austropotomobius pallipes. Individuals of this species which is native to Europe, including Italy, responded more strongly to conspecific alarm than to heterospecific alarm (from P. clarkii) (Figure 3 ). Comparing the time spent in behaviors when alarm odors were introduced compared to control periods, there were significant differences for cleaning, lowered posture, and locomotion (Table 1 ). In particular, the time spent in cleaning decreased following the introduction of alarm, but more strongly for conspecific alarm and the time spent in the lowered posture increased, but more strongly for conspecific alarm compared to heterospecific Analyses were conducted on the differences in the number of seconds spent in the control period and following the introduction of conspecific vs. heterospecific alarm odors. In the case of P. clarkii the source of heterospecific alarm odor was A. pallipes, for O. limosus and A. pallipes, the source was P. clarkii. alarm. The difference for feeding was almost significant (P 0.06).
Discussion
The results from the species tested in this study support the pattern suggested in Hazlett (2000) , that individuals of successful invaders use a broader range of information concerning predation risk than do native species. Individuals of P. clarkii responded just as strongly to alarm odors prepared by crushing individuals of the crayfish species A. pallipes, as they did to conspecific alarm odor. We could predict that P. clarkii is using a very general cue common to the hemolymph of decapod crustaceans. P. clarkii has had negative impacts upon the distributional ranges of several species of crayfish following introductions related to aquaculture efforts and both the native Italian river crab (Gherardi et al. 1999 ) and several species of river crabs in African systems have been negatively affected ).
The other North American invasive tested, O. limosus, has spread in several places in Europe following introduction. As was the case with the invasive O. rusticus (Hazlett 2000) and P. clarkii, individuals of O. limosus responded just as strongly to heterospecific alarm odor as they did to conspecific alarm odors. Similarly, the invasive C. albidus also responded similarly to heterospecific odors and conspecific odors . Thus, all four crayfish species tested that have undergone large range expansions following human-mediated introductions show a similar pattern of use of a broad range of chemical cues associated with increased predation risk. Assuming that such behavioral responses increase the probability of avoiding predation (Downes 2002; Mathis and Smith 1993) , this ability could contribute to success in new environments that may well contain novel predators feeding on a variety of species of crayfish species.
Individuals of the native Italian species, A. pallipes, did not respond as strongly to heterospecific alarm odors as they did to conspecific alarm odors. This is similar to the pattern seen in the North American species O. propinquus (Hazlett 2000) that has not been expanding its range in recent time and has been negatively impacted by the spread of O. rusticus (Hill and Lodge 1994) . The Australian native, C. tenuimanus, also responds more to conspecific than to heterospecific alarm odors and has been affected by the introduction of C. albidus . Thus the three native, non-expanding species studied all showed a similar pattern of reduced effects of heterospecific alarm odors relative to conspecific alarm odor.
Behavioral plasticity should be greater in species that more readily inhabit a larger range of habitats. Species that have evolved in more speciose regions may respond to a wider array of chemical cues because the evolutionary opportunities for individuals to profit from use of cues common to a wide array of species have been present. Thus O. rusticus originated in a more species-rich region of southeast USA than did Orconectes virilis or O. propinquus (Hazlett 2000) . Orconectes limosus originated in the mid-Atlantic region of North America (Hobbs 1974) and overlaps in distribution with many species (Taylor et al. 1996) . And P. clarkii originated from the center of distribution of the very speciose genus Procambarus (Hobbs 1989) while A. pallipes is the only crayfish species found in most of its range prior to various recent introductions of non-native species (Holdrich 1991) .
A further aspect of behavioral plasticity which has been compared in several crayfish species is the ability to learn and remember an association between different predation-risk cues. When trained similarly to associate a novel cue (goldfish odor) with predation risk by pairing with conspecific alarm odor, individuals of the invasive species O. rusticus and P. clarkii remembered that association longer than did native species (O. virilis and A. pallipes) . It will be of interest to test invasive and native species of crayfish with additional tests of behavioral plasticity to clarify if plasticity in general is greater in those species that more readily expand their ranges.
